Abstract Reliable measurement of total testosterone and estradiol is critical for their use as biomarkers of hormonerelated disorders in patient care and translational research. We developed and validated a mass spectrometry method to simultaneously quantify these analytes in human serum without chemical derivatization. Serum is equilibrated with isotopic internal standards and treated with acidic buffer to release hormones from their binding proteins. Lipids are isolated and polar impurities are removed by two serial liquid-liquid extraction steps. Total testosterone and estradiol are measured using liquid chromatography tandem mass spectrometry (LC-MS/MS) in combination of positive and negative electrospray ionization modes. The method shows broad analytical measurement range for both testosterone 0.03-48.5 nM (0.75-1400 ng/dL) and estradiol 11.0-5138 pM (2.99-1400 pg/ mL) and excellent agreement with certified reference materials (mean bias less than 2.1% to SRM 971, BCR 576, 577, and 578) and a high order reference method (mean bias 1.25% for testosterone and −0.84% for estradiol). The high accuracy of the method was monitored and certified by CDC Hormone Standardization (HoSt) Program for 2 years with mean bias −0.7% (95% CI −1.6% to 0.2%) for testosterone and 0.1% (95% CI −2.2% to 2.3%) for estradiol. The method precision over a 2-year period for quality control pools at low, medium, and high concentrations was 2.7-2.9% for testosterone and 3.3-5.3% for estradiol. With the consistently excellent accuracy and precision, this method is readily applicable for highthroughput clinical and epidemiological studies.
Introduction
17β-Estradiol (E2) and testosterone (TT) are sex hormones responsible for the development and maintenance of secondary sex characteristics and reproductive functions [1] . They influence many physiological processes, such as growth, glucose homeostasis, bone and lipid metabolism, and cardiovascular function [2] [3] [4] [5] . Measurement of total circulating E2 or TT in conjunction with other biomarkers and clinical assessments is widely used for evaluation of reproductive status and function, for diagnosis of disorders such as infertility, delayed or precocious puberty, and other diseases related to altered steroid hormone metabolism. TT and E2 are also critical in monitoring therapeutic interventions such as in vitro fertilization and antiestrogen therapy [6] [7] [8] [9] [10] [11] . Reliable and accurate measurements of these biomarkers are critical for correct diagnosis, treatment, and prevention of diseases, clinical research, and public health activities.
Different technologies for measuring circulating E2 and TT are available such as radioimmunoassays (RIA), enzymelinked immunoassays (EIA), and mass spectrometry methods [12, 13] . Most of the analytical methods used in patient care and public health activities only measure either testosterone or estradiol [14] [15] [16] [17] , thus requiring separate assays for each analyte. Some of these assays were found to have a high level of inaccuracy, lack of sensitivity, and problems with reproducibility. These problems were reported especially at the low concentrations commonly observed for estradiol in men and postmenopausal women (approximately below 147 pM, 40 pg/ml), and testosterone in women, children, and hypogonadal men (approximately less than 3.47 nM, 100 ng/dL) [18] [19] [20] . Thus, new analytical methods are needed to accurately and reliably measure E2 and TT in serum.
Here we report an accurate and sensitive LC-MS/MS assay for simultaneous measurement of E2 and TT in serum without chemical derivatization. The sample preparation is automated using a liquid handling system with 96-well plates, enabling the maximal capacity of processing 146 patient samples within an 8-hr workday. Our validated method has been demonstrated to be applicable to measurements in the general population.
Material and methods

Materials and chemicals
Certified reference materials in acetonitrile 1 mg/mL 17β-estradiol (purity 98.4%, National Metrology Institute of Japan, NMIJ CRM 6004-a, Japan) and testosterone (purity 99.4%, Australian National Measurement Institute, ANMI M914, Australian) were used as calibrators, and [2,3,4-1 3 C 3 ]-17β-estradiol ( 1 3 C 3 -E2, ≥98%) and [2,3,4-13 C 3 ]-testosterone ( 13 C 3 -TT, ≥98%) obtained from IsoSciences (King of Prussia, PA) were used as internal standards (IS). Ammonium acetate, ammonium fluoride, ethyl acetate, glacial acetic acid, hexane, methanol, sodium chloride, and water were purchased from Fisher Scientific (Suwannee, GA) and ammonium bicarbonate, ammonium hydroxide, and ethanol from Sigma-Aldrich (St. Louis, MO). All solvents were HPLC grade and chemicals were reagent grade. Steroids used for interference testing (Table 1) were obtained from Steraloids (Newport, RI), Sigma-Aldrich, and Cerilliant (Round Rock, TX). They were prepared in 20% methanol in water at concentrations of 200 ng/dL per steroid for assessing interferences with TT and 200 pg/mL per steroid for assessing interferences with E2.
Three levels of serum-based reference materials for E2 [BCR 576, BCR 577, and BCR 578 at 114, 690, 1340 pM (31.1, 188, and 365 pg/mL), respectively] were purchased from the Institute for Reference Materials and Measurements (IRMM, Geel, Belgium). Two levels of serum-based reference materials for TT [SRM 971 at 22.3 nM and 0.96 nM (643 ng/ dL and 27.7 ng/dL)] were obtained from the National Institute for Standards and Technology (NIST, Gaithersburg, MD). The certified reference materials were used to assess the trueness of the method. Quality control pools at three different E2 and TT levels were created by combining human sera and were used for assessing precision and extraction efficiency of the method. The concentrations for testosterone were 1.27, 6.07, and 30.2 nM (36.6, 175, and 870 ng/dL) and those for estradiol were 103, 448, and 2540 pM (28.0, 122, and 692 pg/mL), for the low, medium, and high QC level, respectively. Synthetic serum for matrix effect evaluations was procured from UTAK Laboratories (Valencia, CA). Serum samples from individual donors were used to evaluate the analytical method. Fresh frozen, single donor human serum samples were purchased from Bioreclamation (Westbury, NY) and Solomon Park Research Laboratories (Kirkland, WA). The company had institutional review board (IRB) approval to collect blood and obtained informed consent from donors. CDC's use of the blood was consistent with the IRB approval and donor consent. No personal identifiers were provided to CDC.
Calibrator preparation
The primary stock solutions for testosterone and estradiol were prepared respectively from certified, commercial solutions with an assigned concentration of 1 mg/mL by diluting them with anhydrous ethanol (TT stock solution A, E2 stock solution A) to a concentration of 1 μg/mL. Stock B solution was created by diluting TT stock A solution and E2 stock A solution with 20% ethanol to a concentration of 69.3 nM (20 ng/mL) of TT and 7.34 nM (2 ng/mL) of E2. To prepare 11-point calibrator working solutions, 11 different volumes of stock B solutions were added in 200 mL 20% ethanol to achieve the target concentrations at 0.1, 1, 4, 10, 25, 50, 100, 250, 500, 750, and 1000 for TT (ng/dL, 0.003-48.5 nM) and E2 (pg/mL, 0.37-3670 pM). The working solutions were aliquoted in cryovials and stored at −70°C. One set of calibrators was used with serum samples and processed in the same manner. A constant concentration of internal standard mixture of 13 C 3 -TT and 13 C 3 -E2 containing 3.43 nM (100 ng/ dL) 13 C 3 -TT and 182 pM (50 pg/mL) 13 C 3 -E2 was added to each standard solution to establish the calibration curves during sample preparation.
Sample preparation
Sample preparation was conducted using an automated Hamilton Microlab STARLet Liquid Handler (Reno, NV) in 2-mL 96-well plates. Each sample batch contained three levels of quality control (QC) pools, calibrator solutions [0.003 to 34.7 nM (0.1 to 1000 ng/dL) for testosterone and 0.37 to 3670 pM (0.1 to 1000 pg/mL) for estradiol], and a reagent blank. The sample preparation procedure was based on a previously described method [21] and was modified for simultaneous measurement of TT and E2. In brief, 100 μL of IS solution [0.25% ethanol in water containing 182 pM (50 pg/mL) 
LC-MS/MS
Chromatographic separation was performed using a UPLC system (Shimadzu LC-10 AD VP HPLC system, Columbia, MD) equipped with a Phenyl-Hexyl column (2.6 μm, 150× 3.0 mm, Accucore Thermo Scientific, Waltham, MA) at 40°C
. The eluents were 20% methanol in water with 0.2 mM ammonium fluoride (eluent A) and methanol (eluent B). Fifty microliters of sample solution was injected and the analytes were eluted using a gradient from 40% to 72.5% of eluent B at a flow rate of 450 μL/min with a total of run time of 10 min. Mass spectrometric analysis was performed using a triple quadrupole tandem mass spectrometer (AB Sciex 5500, Foster City, CA) with electrospray ionization switching in negative ion mode for E2 and positive mode for TT. Selected reaction monitoring (SRM) was used with quantitation ion transitions (QI) of m/z 271 → 145 for E2, 274 → 148 for 
Data analysis
Chromatographic peaks for QI and CI transitions were integrated using Analyst software version 1.6.2 (AB Sciex). To establish the best fit for the calibration curve, the peak area ratios of analytes and ISs were obtained from six sets of calibration runs and plotted with target concentrations using linear and polynomial models with no weighting, weights of 1/X, 1/X 2 , or 1/(variance of Y). The average sum of squared residuals (ASSR) and the average relative sum of squared residuals (RASSR) were estimated by comparing the calculated concentrations to the target concentrations. A weight of 1/X was selected for the lowest ASSR and second lowest RASSR among all models [21] . The analyte concentration in serum was calculated using the peak area ratio for the unknown sample and the regression parameters of the established 1/X weighted calibration curve. The QI/CI ratios from calibrators were calculated to determine the target QI/CI ratio and limits of acceptability in samples. SAS version 9.2 (SAS Institute, Inc, Cary, NC) was used to define quality control limits and to evaluate analytical runs against these limits using a multiplerule quality control approach [22] .
Method validation
This method was validated as outlined in CLSI document C62-A [23] . Measurement accuracy was assessed by analyzing serum-based certified reference materials from NIST and IRMM in replicate (n = 5 per level). Agreement of the measured value with the assigned target value of the reference materials was assessed as described in NIST Special Publication 829 [24] . In addition, measurement bias was evaluated following CLSI document EP9-A2 [25] using 40 singledonor serum materials with reference values assigned by higher-order reference methods listed in the Joint Committee for Traceability in Laboratory Medicine (JCTLM) database (NIST [26] , University of Ghent [27, 28] , and CDC Reference Laboratory [29, 30] ). The accuracy of the method was monitored over 2 years by measuring 10 blinded serum samples quarterly for each analyte with reference values assigned by higher-order reference methods. The measurement accuracy was compared against suggested performance criteria for TT [mean bias was 6.4% for TT [31] and 12.5% for E2 at concentrations greater than 73.4 pM (20 pg/mL) and ±9.2 pM (2.5 pg/mL) at concentrations no greater than 73.4 pM (20 pg/mL)] [32] . Deming regression analysis and difference plots were performed using Analyze-It Software, Ltd version 4.65.2 (Leeds, UK).
Method intermediate precision was determined following CLSI document EP5-A3 [33] by analysis of three levels of QC pools in 68 different days (68 days × 2 replicates per run × 2 two runs per day) over a period of 2 years using multiple operators. The following three imprecision parameters were determined: the within-run imprecision (repeatability), the within-day and among-day imprecision, and the total imprecision, which is the within-laboratory imprecision. The data was analyzed using SAS/STAT software, version 9.2 (SAS Institute, Inc, Cary, NC). The precision was expressed as percentage coefficient of variation (%CV).
Analytical specificity was assessed by testing 32 structural steroid analogues and other steroid hormones with relative molecular masses similar to those of TT, E2, or ISs (Table 1) 
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C 3 -E2) at the respective retention times for TT and its IS (7.93 min) and E2 and its IS (7.28 min) confirmed the absence of interference with the quantification of total testosterone and estradiol in serum. Additionally, specificity was assessed by monitoring the QI/ CI ratios in regular serum samples. A difference of more than ±20% from the established target ratio was used to indicate the presence of an interfering compound [21, 23, 29, 34] .
The limit of detection (LOD) was determined by analyzing five samples with concentrations close to the estimated LOD for each analyte for 60 days. This approach is equivalent to CLSI EP 17-A2 and includes type II error (false negative) in estimation of LOD [35, 36] .
The linear range of the method was determined using a 13-point calibration curve [E2 0.37-5138 pM (0.1-1400 pg/mL) and TT 0.003-48.5 nM (0.1-1400 ng/dL)] measured in six replicates. The applicability of sample dilution was assessed for samples with analyte concentrations above the upper limit of the linear range. Sample dilution experiments were carried out using high QC pool materials that were diluted with saline using dilution factors ranging from 1 to 10 (total of 9-level dilutions). Duplicate preparations of each diluted sample were made. Dilution factors were applied to calculate the final concentrations and the calculated results were compared to the values obtained from undiluted samples.
Sample matrix effects (ME) were assessed on four matrices (0.9% saline solution, synthetic serum, male serum, and female serum) and one set of neat samples in ethanol (matrixfree) using previously described procedures [29] . An 8-point calibration curve ranging from 33.0 to 3670 pM (9-1000 pg/ mL) for E2 and 0.31 to 34.7 nM (9-1000 ng/dL) for TT were prepared in each matrix. The calibrators in the matrices were subjected to the sample preparation described above. The area count ratios of analyte over IS were compared in all four matrices to those analyzed in matrix-free conditions after blank subtraction. The sample ME was calculated with the following equation: ME % = B/A × 100, where B is the area count ratios of analyte to IS obtained from samples in matrix, and A is the area count ratios in matrix-free samples.
The extraction efficiency was evaluated using low, medium, and high QC pools (n = 4). In one set of QC pools, the IS solution was added at the beginning of sample preparation (A'), and in a second set of QC pools it was added at the end of the sample preparation (B'). The efficiency was calculated with the following equation: measured concentration (B')/ measured concentration (A') × 100.
To assess the applicability of this method to samples in the general population, a set of 250 individual sera from female and male subjects were analyzed using the described method.
Results and discussion
The described method is highly accurate. The mean biases for TT to SRM 971 were −1.5% and −2.1%; those for E2 to BCR 576, 577, and 578 were −1.3%, −1.2%, and −1.7%, respectively. None of these biases were statistically significant as determined according to NIST Special Publication 829 ( Table 2) . The good agreement with the reference materials and methods is also reflected in the narrow confidence intervals observed in each experiment. Regression analysis of the mean bias from 10 samples for each analyte measured over eight quarters (total of 80 samples) showed a slope not significantly different from zero, indicating that the method is highly accurate over 2 years (Fig. 1c) . The mean bias across all eight quarters was −0.7% (95% CI −1.6% to 0.2%) for TT and 0.1% (95% CI −2.2% to 2.3%) for E2. The mean bias observed with our method is well below the suggested bias limits for TT [31] , and for E2 at concentrations above 20 pg/mL [32] . Individual measurement (n = 4) bias of all 80 samples for each analyte ranged between 6.6-9.1% (95% CI) for TT and 15.0-21.6% (95% CI) for E2, and met the total error criteria for TT of 16.7% and for E2 of 27.0% [37] .
The developed analytical method is highly specific. Using the described chromatographic conditions, we observed that TT and E2 are well separated from potentially interfering compounds such as those listed in Table 1 (Fig. 2) . In addition, no isotopic interferences were observed when monitoring the IS and analyte transitions. Other potential interferences can be detected using the QI/CI ratio. The mean QI/CI ratios calculated using data obtained from calibrators measured in two sample batches (n = 20) were 1.41 (95% CI 1.36-1.46) for TT and 1.12 (95% CI 1.07-1.16) for E2. The mean QI/CI in 134 serum samples was 1.42 (range 1.41-1.44) for TT and 1.12 (range 1.08-1.16) for E2. The QI/CI ratios of all 134 serum samples were almost identical to those measured in the calibrators, and were well below the recommended maximum difference of ±20% [23] , suggesting that no interfering compounds are present in the 134 serum samples measured.
Our method is highly precise over long time periods. The within-run (repeatability), among-day (68 days), and total within-laboratory CV were 2.4-5.0%, 1.2-1.8%, and 2.7-5.3%, respectively ( Table 3 ). The precision observed over 2 years is well below the recommended maximum imprecision for total testosterone measurements of 5.3%CV [31] and estradiol measurements of 11.3%CV [38] , and smaller than the precision reported by other mass spectrometry-based methods [32, 39] .
The method is very sensitive with a wide linearity and analytical measurement range. The LOD of the method is 11.0 pM (2.99 pg/mL) and 0.03 nM (0.75 ng/dL), for E2 [24] and TT respectively. These LODs are similar to those reported for methods using derivatization procedures [40, 41] , and lower than some reported for methods without derivatization using higher sample volume [42, 43] . The method was found to be linear within the ranges of 11.0-5138 pM (2.99-1400 pg/mL) for E2 (r 2 > 0.999) and 0.03-48.5 nM (0.75-1400 ng/ dL) for TT (r 2 > 0.999). No significant polynomial term was detected. The weighted regression parameters from six replicate calibration curves are very consistent (regression parameters for E2: mean slope 0.009, 95% CI 0.009-0.010, mean intercept 0.004, 95% CI 0.003-0.005; regression parameters for TT: mean slope 0.031, 95% CI 0.030-0.031, mean Table 4 ] allowing for an extended analytical measurement range of 11.0-51,380 pM (2.99-14,000 pg/mL) for E2 and 0.03-485.4 nM (0.75-14,000 ng/dL) for TT. This allows for measurements of TT and E2 in both pre-and postmenopausal women, the measurement of the mid-cycle peak in women without sample dilution, and in pregnant women and women on ovarian stimulation treatment with dilution.
The method is minimally affected by different matrices. Consistent with our observations on diluted samples, the mean ME% determined in five different matrices is 98.4% (95% CI 96.2-100.5%) for TT and 98.5% (95% CI 96.8-100.1%) for E2. The matrices studied included ethanol, saline, synthetic serum, male serum, and female serum, in which all studied curves gave the identical slopes.
The high accuracy, precision, specificity, and matrixindependence of measurement results are achieved through the use of stable isotope-labeled standards in combination with special sample handling procedures and good chromatographic separation. 13 C-labeled internal standards showed the same chromatographic properties as the corresponding analytes (Fig. 2) . The IS compensate for losses during sample preparation. Several steps in the sample handling process contributed to the observed excellent analytical performance. Protein precipitation, commonly performed in other methods, with incomplete equilibrium of the IS with the binding proteins such as sex hormone-binding globulin, and without complete dissociation of analytes from binding protein may result in incomplete or inconsistent analyte recovery [30, 44] . The IS solution used in our method contains minimum amounts of ethanol, in order to avoid unnecessary protein precipitation that can lead to loss of protein-bound analytes prior to the equilibration with the IS. Mixing of the serum sample with the IS solution to allow for adequate equilibration and avoiding protein precipitation step may contribute further to the excellent within-run and between-run precision [44] .
Introducing the second liquid-liquid extraction (LLE) markedly improved precision, especially at low E2 concentrations, consistency of chromatographic separation, and prolonged column lifetime. During the sample preparation, the lipid extract from the first LLE contains many nonpolar compounds, such as fatty acids and phospholipids. These lipids can accumulate on the analytical columns, deteriorating the separation and providing a source of ion suppression and matrix effects in LC-MS/ MS analyses [21] . Performing a second LLE using a basic aqueous solution (0.2 M ammonium bicarbonate buffer, pH 8.0) facilitates removal of polar compounds. Though a higher pH would increase the removal of these polar compounds [21] , the pH of 8.0 was selected to be 2 pH units below the pK a of E2 (10.5) . This avoids deprotonation and subsequent decrease in recovery of estradiol [29, 45] . Repeating the entire two-step LLE procedure yielded a higher extraction efficiency of 70% for E2 (95% CI 67-72%) and 72% for TT (95% CI 70-75%), compared to 43% for E2 (95% CI 40-46%) and 44% for TT (95% CI 43-46%) with only one extraction.
The use of a Phenyl-Hexyl column, which offers unique selectivity for aromatic analytes, instead of a C18 column, contributed to the high specificity of the chromatographic separation. This observation is consistent with another report [29] .
The liquid chromatography conditions and MS/MS detection parameters were optimized to achieve the highest sensitivity for estradiol. Because of its non-polar structure and low proton affinity of estradiol, it is difficult to achieve the Table 3 Assay precision for testosterone (TT) and estradiol (E2) in serum at three concentration levels determined in duplicates per run, with two runs per day over 68 days (2- required level of sensitivity in positive electrospray ionization (ESI). For better yield, negative ESI was chosen for estradiol ion transitions and positive ionization for testosterone. This negative/positive polarity ESI switching enables the highly sensitive analysis of both analytes within a single MS assay. In addition, ammonium fluoride was used as a mobile phase additive to further improve E2 negative ionization efficiency as described previously [24, 46] . Several LC-MS/MS methods for E2 or steroid profiles use dansyl chloride as a derivatizing agent to enhance the ionization and thus to achieve higher sensitivity [46] [47] [48] [49] . However, the dansyl fragment ion is used to quantitate E2 with these methods, therefore limiting the specificity of the method. This limitation was overcome in our method by measuring E2 without derivatization.
In a single specimen, the concentration of testosterone could be ten-to hundred-fold higher than that of estradiol. The challenge of quantifying both compounds in a single assay is to avoid detector saturation without loss of sensitivity. TT signals were detuned by using an offset DP value of 240 eV instead of the optimal DP value of 90 eV, which was intended to minimize ionization and detector saturation.
Our method can measure E2 and TT in samples from children, women, and men. We measured the total testosterone and estradiol in 250 individual sera from male and female donors (Table 5 ). In adult males age 18 years and older, serum TT concentrations ranged from 0.62 to 32.5 nM (18.0 ng/dL to 938 ng/dL) and E2 concentrations ranged from 17.3 to 167 pM (4.72-45.6 pg/mL). In women age 18 to 59 years, TT concentrations ranged from 0.28 to 2.55 nM (8.03 to 73.6 ng/dL) and E2 concentrations ranged from 11.4 to 12,357 pM (3.11 to 3367 pg/mL). Among women age 60 years and older, TT concentrations ranged from 0.26 to 4.13 nM (7.54 to 119 ng/dL) and E2 levels ranged from 9.25 to 1152 pM (2.52 to 314 pg/mL). In children at 6-11 years of age, 90% of boys had E2 levels below 11 pM (3 pg/mL), while in girls the E2 concentrations ranged from 2.39 to 177 pM (0.65-48.3 pg/ mL). TT levels were detectable in all 100 samples from children, with boys having much broader range [0.03-12.6 nM (0.77-363 ng/dL)] compared to girls [0.04-0.85 nM (1.07-24.6 ng/dL)].
In conclusion, a highly reliable LC-MS/MS method with high accuracy, precision, sensitivity, and specificity for measurement of total estradiol and testosterone in human serum has been developed. The method showed high level of accuracy and precision over 2 years. This method can measure TT over a wide concentration range that covers the low concentrations observed in children, women, and men. It is also capable of measuring E2 concentrations ranging from very low concentrations typically seen in men and postmenopausal women to the very high concentrations observed in women at an active reproductive stage. It is therefore applicable to longterm large population studies such as the National Health and Nutrition Examination Survey and other epidemiology studies.
